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The ﬂavoprotein nitroalkane oxidase catalyzes the oxidative denitriﬁcation of a broad range of pri-
mary and secondary nitroalkanes to yield the respective aldehydes or ketones, hydrogen peroxide
and nitrite. With nitroethane as substrate the D2O(kcat/KM) value is 0.6 and the D2Okcat value is 2.4.
The kcat proton inventory is consistent with a single exchangeable proton in ﬂight, while the kcat/
KM is consistent with either a single proton in ﬂight in the transition state or a medium effect.
Increasing the solvent viscosity did not affect the kcat or kcat/KM value signiﬁcantly, establishing that
nitroethane binding is at equilibrium and that product release does not limit kcat.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.Nitroalkane oxidases are ﬂavoproteins that catalyze the oxida-
tion of primary and secondary nitroalkanes to the corresponding
aldehydes or ketones (Scheme 1). Nitroalkane oxidase activity
was ﬁrst identiﬁed in the soil fungus Fusarium oxysporum[1], but
has since been identiﬁed in other fungi [2]. Extensive mechanistic
and structural studies of the enzyme from F. oxysporum have been
carried out to date, including determination of structures of reac-
tion intermediates [3] and mutagenesis of active site residues [3–
6]. These studies have provided support for the mechanism shown
in Scheme 2. Here, the neutral nitroalkane is the active form of the
substrate in solution. The active site residue Asp402 acts as an ac-
tive site base to form the anionic nitroalkane; this is supported
both by the effects of mutating this residue [4,7] and by structures
of nitroalkanes bound to mutant enzymes with low catalytic activ-
ity[3,8]. The nitroalkane anion then attacks the FAD cofactor at the
N5 position to form an adduct that eliminates nitrite to form a cat-
ionic imine; the latter species has been trapped and its structuredetermined [3,9]. Finally, attack of hydroxide on the imine leads
to formation of the aldehyde product and reduced ﬂavin. The reox-
idation of the ﬂavin by molecular oxygen forms hydrogen peroxide
in a reaction typical of ﬂavoprotein oxidases [10,11].
The ﬁrst step in the nitroalkane oxidase reaction is the removal
of a proton from a carbon of the substrate. The corresponding
non-enzymatic ionization of nitroalkanes has served as a model
2786 G. Gadda, P.F. Fitzpatrick / FEBS Letters 587 (2013) 2785–2789for proton abstraction from carbon because the relatively low
pKa of the alpha carbon makes the non-enzymatic reaction readily
accessible [12,13]. When nitroethane is the substrate for nitroal-
kane oxidase, the proton abstraction from the substrate by
Asp402 is rate-limiting for the reductive half-reaction [14,15]. This
has allowed a direct comparison between the reaction in solution
and the reaction catalyzed by the enzyme [16], providing evidence
for the contributions of substrate desolvation and quantum
mechanical tunneling to the billion-fold rate enhancement by the
enzyme [8,17].
In the present manuscript we describe the effects of the solvent
on the steady-state kinetic parameters of nitroalkane oxidase. The
effect of D2O on the kinetics provides insight into the role of trans-
fer of exchangeable protons during the reaction [18], while the ef-
fect of solvent viscosity provides insight into the contribution of
diffusive steps to the kinetics [19].1. Experimental procedures
1.1. Materials
Nitroethane was from Sigma–Aldrich. Deuterium oxide (99.9%)
was from Cambridge Isotope Laboratories, Inc. Nitroalkane oxidase
was puriﬁed from F. oxysporum (ATCC 695) as described by Gadda
and Fitzpatrick [20,21] and stored at 70 C. All other reagents
were of the highest purity commercially available.
1.2. Enzyme assays
Enzyme activity was measured in the presence of 0.5 mM FAD
in air-saturated buffer by monitoring the rate of oxygen consump-
tion with a computer-interfaced Hansatech oxygen monitoring
system thermostatted at 30 C as described previously [15]. Assays
were started by adding 10 ll of enzyme in aqueous buffer and
10 ll of nitroethane in dimethyl formamide or ethanol (to prevent
ionization of the substrate) to a total volume of 1 ml. For solvent
isotope effect analyses, the buffer components were prepared di-
rectly in D2O and the pD was adjusted with NaOD, KOD, or DCl.
pD values were determined by adding 0.4 to the pH electrode read-
ing [18]. Potassium phosphate (50 mM) was used as the buffer over
the pD range 7–8, and 50 mM sodium pyrophosphate was used be-
tween pD 8 and 10.2. For proton inventories, the mole fraction of
D2O, n, was determined by combining the appropriate volumes
of buffer in D2O and H2O [18]. For solvent viscosity studies, the rel-
ative kcat and kcat/KM values at each viscosity were measured in
50 mM sodium pyrophosphate, pH 8.5, containing varying concen-
trations of glycerol as the viscosigen.
1.3. Data analysis
Data were ﬁt using KaleidaGraph (Synergy). The steady-state ki-
netic parameters of nitroalkane oxidase were determined by ﬁtting
the data to the Michaelis–Menten equation [22,23] or to Eq. (1) in
cases where substrate inhibition was seen. The pH-dependences of
steady state kinetic parameters were determined by ﬁtting kcat and
kcat/KM values as a function of pH to Eqs. (2) and (3)[24]. Eq. (2) was
used to ﬁt data from pH-proﬁles that decreased with unit slope at
low pH. Eq. (3) was used to ﬁt data that decreased with unit slope
at both low and high pH. K1 and K2 are the dissociation constants
for ionization of groups that must be unprotonated and protonated
for catalysis, respectively, and C is the pH-independent value of the
kinetic parameter of interest. Solvent isotope effects were calcu-
lated by ﬁtting the data to Eq. (4)[25], which describes separate
isotope effects on kcat and kcat/KM values, or Eq. (5), which includes
the effect of substrate inhibition. Fi is the fraction of deuteriumlabel in the solvent, and EVK, EV and EKi are the isotope effects on
the kcat/KM,kcat and Ki values, respectively. To determine the effects
of solvent viscosity on the steady-state kinetic parameters, the rel-
ative kcat and kcat/KM values at each viscosity were ﬁt to Eq. (6),
where Y0 is the kcat or kcat/KM value in the absence of a viscosigen,
Yg is the value at a speciﬁc viscosity, grel is the viscosity relative to
water and m is the slope of the line indicating the degree of diffu-
sion-limitation. The relative viscosities of solutions containing
varying amounts of glycerol were determined from literature val-
ues [26].
m ¼ kcatA
Ka þ Aþ A2=K i
ð1Þ
LogY ¼ Log C
1þ HK1
ð2Þ
LogY ¼ Log C
1þ HK1 þ
K2
H
ð3Þ
m ¼ kcatA
Kað1þ F iðEVK  1ÞÞ þ Að1þ F iðEv  1ÞÞ ð4Þ
m¼ kcatA
Kað1þ F iðEVK 1ÞÞ þAð1þ F iðEv  1ÞÞ þ ðA2=K iÞð1þ F iðEK i 1ÞÞ
ð5Þ
Y0
Yg
¼ 1þmgrel ð6Þ2. Results
2.1. Solvent isotope effects
Solvent isotope effects on the reaction catalyzed by nitroalkane
oxidase were determined to probe the timing of steps involving
solvent exchangeable protons. All assays were carried out in air-
saturated buffers, which contain 230 lM oxygen at 30 C; since
the KM value for oxygen is 20 lM when nitroethane is the sub-
strate for nitroalkane oxidase [27], both kcat and kcat/KM values
can readily be determined under these conditions. As a necessary
prerequisite, the effects of D2O on the pH dependences of the kcat/
KM and kcat values with nitroethane as substrate were determined
over the accessible pH range (Fig. 1). Nitroalkane oxidase shows
substrate inhibition at high concentrations of nitroethane, with
a value of 30 mM, 10-fold the KM value for the substrate [28].
The substrate inhibition was more pronounced in D2O (results
not shown). In H2O the kcat/KM pH proﬁle is bell-shaped;
Asp402, the active site base, is responsible for the lower pKa value,
while the upper pKa is likely due to the ﬂavin cofactor [4]. The kcat
proﬁle in H2O is also bell-shaped. The pKa values determined from
the data in Fig. 1 (Table 1) agree with previously reported pH pro-
ﬁles for this enzyme [15]. When assays are carried out in D2O, all
the pKa values are shifted upward (Fig. 1, Table 1), as is expected
from the known effects of D2O on pKa values [18]. In the kcat/KM
proﬁle in D2O only a single pKa value for a protein group that
must be unprotonated for catalysis is seen (Fig. 1A). The pKa value
on the basic limb of the curve is shifted above pH 10 in D2O; ini-
tial rates could not be measured at high enough values to deﬁne
this pKa value due to the instability of the enzyme at high pH.
In contrast, both pKa values are seen in the kcat proﬁle in D2O
(Fig. 1B). The solvent isotope effects on both the kcat/KM and kcat
values can be calculated from the pH-independent values of each
kinetic parameter in H2O and D2O. This gives a normal solvent
Fig. 2. Proton inventories of the steady-state kinetic parameters of nitroalkane
oxidase. Nitroalkane oxidase activity was measured with nitroethane as substrate
as a function of the mole fraction (n) of D2O in air-saturated buffer. (A) Proton
inventory for the kcat/KM value determined at pH 8.5 and pD 9.5. The dashed line is
from a ﬁt of the data to Eq. (7), while the solid line is from a ﬁt to Eq. (8). (B) Proton
inventory for the kcat value, determined at pH 8.2 and pD 8.4. The line is from a ﬁt of
the data to Eq. (7).
Fig. 3. Effect of solvent viscosity on the steady-state kinetic parameters for
nitroalkane oxidase with nitroethane as substrate: (A) the effect on the kcat/KM
value; (B) the effect on the kcat value. The assays were carried out in 50 mM sodium
pyrophosphate, pH 8.5, with varying amounts of glycerol as the viscosigen. The
solid lines are from ﬁts to Eq. (6) of the data. The dashed lines reﬂect the theoretical
limit for a completely diffusion-limited reaction.
Fig. 1. pH/D dependence of steady-state kinetic parameters of nitroalkane oxidase
with nitroethane as substrate. Nitroalkane oxidase activity was measured with
nitroethane as substrate in H2O or D2O in air-saturated buffer at 30 C under the
conditions described in Section 1.2. (d) Values determined in H2O; (s) values
determined in D2O. (A), pL dependence of the kcat/KM value; (B) pL dependence of
the kcat value. The lines are from ﬁts of the data to Eq. (1) or (2). Data in H2O are
from Ref. [15].
Table 1
pKa Values for nitroalkane oxidase.
Kinetic parameter Solvent pK1 pK2
kcat H2O 6.4 ± 0.2 10.0 ± 0.2
D2O 7.1 ± 0.1 9.9 ± 0.1
kcat/KM H2O 6.9 ± 0.1 9.5 ± 0.1
D2O 7.7 ± 0.1 –
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the kcat/KM value of 0.62 ± 0.07.
2.2. Proton inventories
A proton inventory, in which the kinetic parameter of interest is
determined in mixtures of D2O and H2O, can provide insight into
the basis for a solvent isotope effect. The above analyses of the
pL dependence of the kinetic parameters of nitroalkane oxidase
show that the kcat/KM values are independent of the pL at pH 8.5
and pD 9.5, and the kcat values are pH-independent at pH 8.2 and
pD 8.4. Consequently, these pL values were used to carry out pro-
ton inventories. The kcat/KM proton inventory is shown in Fig. 2A,
and the kcat solvent inventory is shown in Fig. 2B.1
2.3. Viscosity effects
The effect of solvent viscosity upon the kcat/KM and kcat values
was determined to evaluate the degree to which diffusion into
and out of the active site limits steady-state kinetic parameters.
The effects of solvent viscosity were determined on the kcat/KM1 The solvent inventory on kcat was also carried out in the presence of imidazole,
which alleviates the substrate inhibition seen with nitroethane [28]. The result was
indistinguishable from that shown in Fig. 2.and kcat values of the enzyme with nitroethane as substrate at
pH 8.5 and 30 C using glycerol to increase the viscosity of the solu-
tion. There is a small decrease in the kcat/KM value with increasing
viscosity (Fig. 3A), consistent with this kinetic parameter being
limited by 5 ± 4% by viscosity. The kcat value is also relatively insen-
sitive to solvent viscosity (Fig. 3B), with a viscosity effect of 7 ± 3%.
Similar experiments using sucrose to increase the viscosity
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shown).
3. Discussion
The present results are consistent with the steady-state kinetic
mechanism for nitroalkane oxidase with nitroethane as substrate
shown in Scheme 3[28]. In addition to the standard reductive
and oxidative half-reactions of ﬂavoprotein oxidases, this mecha-
nism includes a conformational change after nitroethane oxidation
[29]. Previous steady-state kinetic studies utilizing primary kinetic
isotope effects and pH effects and rapid-reaction studies have pro-
vided insight into the relative values of individual rate constants
for the reaction of nitroethane with nitroalkane oxidase [4,15].
The forward commitment to catalysis, cf, with nitroethane is
<0.1; for the mechanism of Scheme 3, cf equals k3/k2 so k3 k2.
As a result, the kcat/KM value equals k1k3/k2 or k3/Kd. In addition,
the ratio of the rate constant for carbon–hydrogen bond cleavage,
k3, to the rate constants for subsequent ﬁrst-order steps, cVf, is
17, so that kcat equalsk7k9/(k7 + k9) [4,15], and cleavage of the car-
bon–hydrogen bond of the substrate does not substantially limit
turnover.
For diffusion-controlled substrate binding, an increase in sol-
vent viscosity will decrease the rate constant for substrate associ-
ation. This effect should be seen as a decrease in the kcat/KM values
for substrates for which chemical steps are much faster than sub-
strate dissociation. The lack of a signiﬁcant effect of increasing the
viscosity with glycerol is fully consistent with the previous conclu-
sion that diffusion of nitroethane out the enzyme active site is sig-
niﬁcantly faster than carbon–hydrogen bond cleavage.
Similarly to substrate binding, dissociation of product from the
active site can be limited by diffusion. The mechanism of Scheme 3
shows a conformational change for the oxidized enzyme after the
product(s) dissociates. This mechanism predicts that the kcat value
will be insensitive to the viscosity of the solvent if the conforma-
tional change is much slower than product release, i.e., k7 k9.
The lack of an effect of solvent viscosity on kcat establishes that
turnover is limited by a conformational change, so that kcat k9.
The rate constant for the proposed conformational change is not af-
fected by increased viscosity, suggesting it does not involve signif-
icant motion of surface loops.
The ﬁnding that the solvent isotope effect on the kcat/KM value is
inverse while that on the kcat value is normal is most readily ex-
plained by these two kinetic parameters reﬂecting different parts
of the overall reaction, so that the observed isotope effects are on
two separate steps. Since the value of kcat is essentially identical
to that of k9, the normal solvent isotope effect on kcat can be attrib-
uted to an effect on the rate constant for the conformational
change. The kcat proton inventory data can be ﬁt to Eq. (7), which
describes a linear proton inventory arising from a single exchange-
able proton in ﬂight in the transition state [30]; here, n is the mole
fraction of D2O, En is the observed kcat or kcat/KM value at a given n,
Eo is the value in H2O, and DE is the solvent isotope effect.
En
Eo
¼ 1 nþ nDE ð7Þ
The isotope effect on the kcat/KM value reﬂects the effect of D2O
on the binding of free nitroethane to the free enzyme to form the
transition state. Thus, it can reﬂect a change in the value(s) of KdScheme 3.or k3. The kcat/KM solvent inventory data also give a good ﬁt to
Eq. (7). An inverse isotope effect with a linear proton inventory
can occur if a proton attached to a residue with a very low fraction-
ation factor, such as a thiol, is involved in the transition state [31].
The closest cysteine in the active site of nitroalkane oxidase is
Cys397. Mutagenesis of Cys397 to serine results in a modest de-
crease of 2-fold in the kcat/KM value for nitroethane [6], ruling
out the thiol of this residue as critical to catalysis. The possibility
that the solvent isotope effect on the kcat/KM value arises from an
effect on the free enzyme or substrate rather than the transition
state must also be considered. Critically, the non-enzymatic depro-
tonation of nitroalkanes by a carboxylate shows an inverse solvent
isotope effect of 0.7 [32,33]. This suggests that the origin of this
isotope effect is common to both the enzymatic and non-enzy-
matic reactions. These reactions clearly differ in the identities of
the moieties involved at the transition state, making it unlikely
that the inverse isotope effect results from the involvement in
the transition state of a proton with a low fractionation factor.
However, both the enzymatic and the non-enzymatic reactions in-
volve the free nitroalkane. Consequently, both reactions would ex-
hibit inverse solvent isotope effects if the structure of the substrate
were more similar to that of the transition state in D2O than in
H2O. In other words, the isotope effect in both cases could arise
from an effect of the solvent on the reactant. The solvent inventory
for this situation is described by Eq. (8)[18], where the isotope ef-
fect results from a combination of multiple small effects in either
the reactant or transition state. A ﬁt of the data to this equation
is shown in Fig. 2A; the ﬁt is acceptable given the precision of
the data.
En
Eo
¼ Zn ð8Þ
The data presented here establish that solvent-exchangeable
protons are involved in steps in the nitroalkane oxidase reaction.
The lack of a viscosity effect and a signiﬁcant solvent isotope effect
on kcat support the previous proposal that a conformational change
rather than product release limits turnover by the enzyme. The
lack of a viscosity effect on the kcat/KM value and the inverse sol-
vent isotope effect on this parameter are most readily explained
by equilibrium binding of nitroethane to the enzyme and a more
transition state-like structure for this substrate in D2O.Acknowledgments
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